Graphene-based electromechanical resonators have attracted much interest recently because of the outstanding mechanical and electrical properties of graphene and their various applications. However, the coupling between mechanical motion and charge transport has not been explored in graphene. Here, we studied the mechanical properties of a suspended 50-nm-wide graphene nanoribbon, which also acts as a single-electron transistor (SET) at low temperature. Using the SET as a sensitive detector, we found that the resonance frequency could be tuned from 82 MHz to 100 MHz and the quality factor exceeded 30000. The strong charge-mechanical coupling was demonstrated by observing the SET induced ~140 kHz resonance frequency shifts and mechanical damping. We also found that the SET can enhance the nonlinearity of the resonator. Our SET-coupled graphene mechanical resonator could approach an ultra-sensitive mass resolution of ~0.55 × 10 −21 g and a force sensitivity of ~1.9 × 10 −19 N/(Hz) 1/2 , and can be further improved. These properties indicate that our device is a good platform both for fundamental physical studies and potential applications. 
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Introduction:
Because of its large Young's modulus (~1 TPa) and low mass, graphene is extremely promising for use in nanoelectromechanical systems (NEMS). [1] [2] [3] [4] A graphene mechanical resonator is considered an ideal force 5 and mass sensor 6 because of its large resonance frequency and high quality factors, and it is also expected to exhibit quantum behavior at low temperature. [7] [8] [9] Conversely, because of its high electron mobility, 10 graphene has also been studied for etched 11 or gate-defined 12 quantum dots, which have been proposed as quantum bits. 13, 14 Suspended graphene has shown ultrahigh electron mobility, 15 offers a platform to observe the fractional quantum Hall effect, 16, 17 and it also performed well as quantum dots. [18] [19] [20] Thus, these properties open the way to study the interplay between mechanical and electronic degrees of freedom in graphene.
Previous experiments have demonstrated ripple texturing of suspended graphene, 21 phonon softening of strained graphene, 22 a strain-induced zero-field quantum Hall effect, 23 and 300 Tesla pseudo-magnetic fields. 24 The relationships between strain and electrical resistance of suspended graphene have also been studied by AFM. 25, 26 Graphene has potential applications at room temperature: quantum Hall effect 27 and quantum dot behavior 28 at 300 K have been reported. Moreover, graphene nanoribbon is easy to scale up. 3, 29, 30 However, an experiment studying the coupling between a mechanical resonator and single-electron transistor (or quantum dot) in a graphene system is still lacking.
Many theoretical investigations have studied the interplay between mechanical motion and single-electron tunneling, where the mechanical motion is reported to affect the electron transport current 31 and current noise; 32 in turn, the back-action from the electron tunneling should cause frequency shifts 33 and damping 33, 34 in the mechanical modes. There are proposals to realize single-electron shuttles by mechanical motion 35, 36 and ground state cooling of the mechanical motion by quantum dots; 37 thus, further study could be performed in the quantum regime. 38, 39 Several pioneering experiments have demonstrated superconducting single-electron transistors as position detectors, [40] [41] [42] and strong coupling between single-electron tunneling and mechanical motions have been reported in carbon nanotubes. [43] [44] [45] [46] In the case of graphene resonators, however, it
is unknown whether the charge transport can be coupled to the mechanical motion. In this letter, we report the first experimental realization of coupling between a single-electron transistor and mechanical motion in a graphene nanoribbon. We find
that the mechanical motion can be greatly affected by single-electron tunneling into and out of the graphene ribbon. The electron transport induced frequency shift is measured to be as large as 140 kHz, which is 56 times larger than the smallest resonance linewidth of our sample. We further observed a large reduction in the quality factor in the quantum dot region, which could be useful to study the nonlinear damping and cooling of graphene resonators. 47, 48 Moreover, the quantum dot affected the nonlinear dynamics of the resonator. These results show a strong coupling between electron transport and mechanical motion in graphene, which could be very useful in future high-frequency resonator measurements and for cooling the mechanical oscillations to the quantum regime. Graphene resonator has been demonstrated to interact with magnetic field recently, 49 and we expect more new physics when a quantum dot participates in this system in the future.
Results:
Our sample structure is shown in Figure 1 , where a 50-nm-wide ( ), 2-μm-length ( ) graphene nanoribbon was suspended across two metal electrodes. control the potential in our sample is through the bottom gate.
The sample was mounted in a He-3 refrigerator with a base temperature of approximately 270 mK and at pressures below 10 −6 torr. We actuated the suspended resonator by applying an AC field ( ) to the bottom gate, together with the DC voltages ( ), using a bias-T (Figure 1b ). We applied a DC bias ( ) to the source 6 / 15 contact and simply measured the DC current ( ) from the drain contact (Figure 1b ).
The ribbon was first annealed by the in-situ current annealing method (see the supplementary information). Previously, graphene nanomechanical resonators have been commonly analyzed by optical 1, 3 and mixing 2 techniques or by cavity-based capacitive readout methods. 8, 51 These methods require careful treatment of the parasitic capacitance and become difficult when the resonance frequency is as large as 1 GHz. 52 Quantum dots have been shown to detect mechanical motion with resonance frequencies up to 39 GHz in carbon nanotube devices, 53 and we expect a similar result in graphene systems for future high-frequency samples. Our 50-nm-wide graphene nanomechanical resonator also acts as a quantum dot, and we show its transport properties in Figure 2b , where the Coulomb blockade is clearly observed as a function of the gate voltage. The charging energy is estimated to be ~1 meV (see the supplementary information), and this kind of nanoribbon-type graphene quantum dot has been previously studied by several groups. voltage. To obtain better resolution, the data were acquired using the differential of the frequency axis. Two resonance modes can be observed by the transport measurement.
The first mode is "W" type, and the second one could not be resolved at small gate 
where is the capacitance between the bottom gate and the resonator, and is the potential of the graphene ribbon and depends on the occupation of the charge number; 43, 44, 55 through the capacitance, the DC voltage DC can affect the tension of the resonator, which may change the resonance frequency of the resonator (see Figure   2a ). In addition, the gate voltage also controls the electrochemical potential of the quantum dot, as we have discussed previously. The change in is with respect to the displacement vibration 
is the amplitude of the mechanical resonator without considering of the nonlinearity at very low driving powers. In Figure 2c , we show a typical fitting of the current change as a function of the driving frequency and obtain a line width = 2.5 kHz, which corresponds to a quality factor = 0 / = 33447 and yields an energy relaxation time of 400 μs. The frequency-Q product is usually considered as the figure of merit when comparing different mechanical resonator systems. We reached a frequency-Q product of ~3 × 10 12 Hz, which is comparable with that of carbon nanotube devices. 56 We estimated the effective mass of the resonator to be eff~1 .85 × induced the mechanical damping, increasing the linewidth from 13 kHz to 26 kHz and accordingly reducing the quality factor from 6000 to 3000. This result means that charge transport plays an important role in the mechanical dissipation mechanism at low temperature. The large frequency shifts and damping rates caused by the Coulomb peaks indicate a strong coupling between graphene mechanical motion and singleelectron tunneling. [43] [44] [45] This kind of strong coupling could be very useful to cool graphene mechanical resonators to the ground state and for further applications.
With large driving power, the resonator enters the nonlinear regime, which is a result 10 / 15 of the resonator being two dimensional. Without the effect from the quantum dot, we consider the Duffing nonlinearity term ( ) 3 and high order nonlinear damping term ( ) 2 , the Newton equation for a nonlinear resonator can then be described as:
47,56
Regarding the nonlinearity induced by the SET, we describe the SET force by:
where the SET induced nonlinearity can be simply renormalized to the total Duffing term. 55 And is defined as the small vibrations around a static equilibrium 0 (a fixed reference point), which depends on the DC voltage DC . 
, which is comparable with a previous report. 56 We also found that quantum dots could enhance the Duffing nonlinearity (Figure 4a ), where the Duffing coefficient in the quantum dot region increased to ~5 × 10 16 kg/m 2 s 2 . This single-electron tunneling enhancing Duffing nonlinearity has been reported in a carbon nanotube system; 55 however, it has not been observed in graphene. Exploring the onset of nonlinearity in a two-dimensional material is quite interesting and important, and may bring new understanding of high-order nonlinear physics.
The QD-coupled mechanical resonator has a small DR; however, the small mass and high quality factor contribute to a high sensitivity (at zg level) for the mass resolution.
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A wider device will have higher DR; however, it will have a larger mass (see supplementary information). Because the device has a large frequency-Q product, we expect a large force sensitivity = (4 / ) 1/2 , 58 where is the Boltzmann constant and = 270 mK is the temperature. We calculate the force sensitivity to be ~1.9 × 10 −19 N/(Hz) 1/2 (or 19 aN/(Hz) 1/2 ) for the current setup. In future work, by cooling down the sample to lower temperature and enhancing the quality, this sensitivity could be further optimized.
In conclusion, we have realized the first coupling between the mechanical mode and single-electron tunneling in a graphene device. We find that the 50-nm-wide graphene resonator shows a high quality factor of > 3 × 10 4 and resonance frequency as high as 100 MHz. Therefore, the resonator could act as a good mass and force sensor. The resonator also acts as a quantum dot at low temperature, and single-electron tunneling causes a > 100-kHz frequency shift of the resonator. Our device also offers a platform for the study of nonlinear physics with respect to quantum dots. Further investigations may use this device for detecting ultra-high-frequency resonator and cooling the mechanical modes to the quantum regime.
